[1] Inputs of heat and moisture through surface energy exchanges are important in the evolution of diurnally modulated thunderstorms. As part of the Maritime Continent Thunderstorm Experiment (MCTEX) conducted on the Tiwi Islands, northern Australia, we measured the surface energy exchanges above the dominant surface types (savanna, grassland, forest and shallow tidal strait). Measurements were made during the monsoon transition period (October-December) using the Bowen ratio and the aerodynamic techniques. A full radiation balance was measured at the Savanna site, where the surface albedo was determined as 0.19. The surface energy exchanges showed broad similarities between the sites, with comparable high net radiation totals averaging 11.8 MJ.m À2 .day
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over the terrestrial sites. The substrate heat fluxes were large at the Tidal strait (4.21 MJ.m À2 .day À1 ) due to the high rates of energy absorption into water. The partitioning of net radiation into sensible and latent heat fluxes was controlled primarily by surface characteristics such as soil moisture and vegetation cover, with Bowen ratios averaging 1.08, 0.65, 0.5 and 0.40 for grassland, forest, savanna and tidal strait sites, respectively. A higher Bowen ratio was recorded at the Grassland site as this was during an earlier period that was much drier. Strong relationships were observed between the total surface convective fluxes and boundary layer development (e.g., the lifting condensation level) and between the magnitude of the daytime surface sensible heat flux and the onset time of thunderstorm convection. Observed terrestrial surface fluxes of moisture (averaging 165-265 W.m À2 ) were deemed insufficient for observed thunderstorm initiation and suggest that sea breeze advection of moisture is necessary. Tiwi Island thunderstorms were shown to represent a dynamic system where surface fluxes are important in generating a boundary layer sufficient to initiate the thunderstorms but where feedbacks between thunderstorms and surface fluxes eventually help terminate the storms.
Introduction
[2] Thunderstorms occur regularly in the monsoonal tropics where they contribute to the transfer of heat and moisture into the atmosphere and its subsequent dispersal [Keenan et al., 1994] . In fact these tropical thunderstorms and associated convection assist in driving the general circulation of the global atmosphere [Page, 1982] . Tropical island thunderstorms like those that occur over the Tiwi Islands in northern Australia are typical of those in the maritime continent region and are locally known as Hectors. These storms contribute a significant portion of total tropical convective activity [Holland and Keenan, 1980] . Sea breeze interactions provide an initiating mechanism for thunderstorm activity over these islands [Carbone et al., 2000; Keenan et al., 2000] and this is driven by heat fluxes generated through surface energy exchanges. These energy exchanges involve the conversion of net radiation into sensible (H), latent (LE) and substrate (G) heat fluxes. The evolution and characteristics of the planetary boundary layer are governed by the energy exchanges between the surface and the atmosphere. Surface fluxes therefore affect its depth, thermodynamic behavior and the surface layer air temperature and humidity [Schmid et al., 1991] .
[3] Additionally, island scale latent heating from the surface is crucial for the supply of convective moisture and energy needed to develop and maintain local thunder-storms, and sensible heating of the lower atmosphere contributes to the release of conditional instability within thunderstorms. Therefore the investigation of surface fluxes is crucial when examining the convective lifecycle of thunderstorms . At larger scales, studies of the surface energy budget and its interaction with tropical convection are important in investigations related to the global heat budget and circulation. The distribution of sensible and latent heat fluxes at the Earth's surface is increasingly seen to play a key role in maintaining and changing regional and global atmospheric circulation. Hence, accurate measurement and parameterization of these fluxes is of great importance to the study of weather and climate [Guo and Schuepp, 1994] .
[4] There is, however, a lack of observational studies of surface energy exchanges in the tropics, especially in the Australasian region [Suppiah, 1992] . Some limited work on tropical surface energetics has been undertaken by Skinner and Tapper [1994] during the Island Thunderstorm Experiment (ITEX). ITEX was a meteorological experiment carried out in the region of Melville and Bathurst Islands during 1988 -89. The major objective of ITEX was to gather a comprehensive data set to carry out physical and numerical studies on the generation and evolution of tropical island thunderstorms [Skinner and Tapper, 1994; Keenan et al., 1989] . Further studies were undertaken during the Australian Monsoon Experiment (AMEX) [Tapper, 1988; Tapper and Barta, 1992] .
[5] This paper provides an important and much more extensive data set on surface energy exchanges over multiple landscape types than has been previously possible in the tropical north Australian region. The surface energetics of the four dominant landscape types of the Tiwi Islands was investigated (grassland, forest, savanna and tidal strait (inshore water)). The research formed part of the Maritime Continent Thunderstorm Experiment (MCTEX) undertaken during the monsoon transition season (October -December) of 1995 . The mean diurnal surface energy exchanges and indices such as the Bowen ratio and evaporative fraction from each site are presented. In addition, the paper investigates the influence of the surface energy exchanges on boundary layer development and thunderstorm timing, which is a unique contribution to work in this area.
Study Area
[6] The study area for the MCTEX project was the Melville and Bathurst Island group, collectively known as the Tiwi Islands. The Tiwi Islands (11.5°S, 131°E) are situated on the southeastern extremity of the maritime continent, approximately 60 km north of Darwin, Australia (Figure 1 ). The Tiwi Islands are similar in size and climate to the numerous islands within the maritime continent region. However the Tiwi Islands are not complicated by significant mountainous terrain that is a feature of some maritime continent islands. Maritime continent island thunderstorms occur with regularity and consistency over islands within the region and are strongly diurnally modulated [Beringer et al., 2001] . See Tapper [2002] for a detailed meteorology of islands of the maritime continent region.
[7] Melville and Bathurst Islands are separated by a narrow tidal channel (Apsley Strait), and form a lowland area approximately 150 km east to west, and 60 km north to south (Figure 1 ). The most significant topographical feature is a shallow escarpment close to the southern coast of Melville Island. To the north of the escarpment is a low ridge (maximum height of 120 m). Further to the north, the terrain generally slopes gently down to the sea with shallow stream valleys leading into marshes and estuaries. The islands are predominantly covered with open savanna woodland. To the north mangroves inhabit the estuarine environments. Some pine plantations exist on Melville Island in the region surrounding Pickertaramoor. The soils are predominately a lateritic tropical rainforest type [Keenan et al., 1989] .
[8] Although Hectors and other diurnally modulated convection are apparent over the islands during the widespread convective activity of the monsoon season, they are embedded in more complex and widespread convection. The optimal timing for observing these diurnally modulated systems is during the monsoon transition season (October -December) when convective systems develop without the confounding influence of the widespread monsoonal convection. The MCTEX study concentrated on the transition period where diurnally modulated break type convection occurs in isolation and the setting allows the study of thunderstorm phenomena in an isolated environment. The preferred intensive operational period (IOP) for MCTEX was determined to be the 30 days from midNovember to mid-December [Holland, 1986; Keenan et al., 1990] .
[9] Sites for energy balance measurements were chosen to represent the dominant landscape and surface types found on the islands. Four sites were chosen over which characteristic fluxes of heat and moisture could be established for these different landscapes ( Figure 1 ) and these are detailed below.
Forest Site (Pickertaramoor Tower)
[10] The Forest site was located at the Pickertaramoor forest tower (11°42 0 32 00 S, 130°51 0 16 00 E) and was representative of a dry sclerophyll forest consisting of eucalyptus and some scattered mixed conifers. This vegetation was typical of the medium density forested vegetation on the island. Instrumentation was installed on a 30 m high abandoned forestry fire tower and the Bowen ratio technique was used at this site between days 319 -329. The maximum canopy height was 12 m and the Bowen ratio arm heights were set at 15 and 21.1 m. Extensive fetch was found in all directions and the 90% effective fetch for the site was calculated as 1:110 following Gash [1986] . There was a pine forest, which marked a change in vegetation type that was located 3 km to the southwest. Fetch in other directions was in excess of 3 km.
Savanna Site (Maxwell's Creek)
[11] Surface energy balance measurements were also made over a landscape of a low-lying (<0.5 m) savanna grassland with scattered shrubs to 1.5 m in height at Maxwell's Creek (11°32 0 38 00 S, 130°34 0 07 00 E). The Bowen ratio system was also used at this site between days 290-342 and was installed with arm heights of 2.8 and 4.5 m.
The savanna formed part of a low-lying grass plain running east-west and had a slightly west facing slope (3 degrees). The soil here was particularly stony and moist underfoot for the majority of the experiment. The fetch was uniform in all directions in excess of 2 km to the south and northeast with only a small rise around 1 km to the north and a dirt road around 500 m to the east. These features were not considered to be in the flux footprint according to the height: fetch ratio of 1:88 as calculated following Gash [1986] .
Grassland Site (Roller Plains)
[12] Measurements were made over an extensive sandy soiled open plain that was dominated by grassland and located at Roller Plains to the southeast of Maxwell's Creek (11°35 0 28 00 S, 130°39 0 00 00 E). The grass at the site had been burnt prior to the experiment and consisted of patchy grass tussocks. The grass became green very quickly and grew to a height of 45 cm by the conclusion of the experiment in December. The soil was of a sandy lateritic type. Again the Bowen ratio technique was used here with arm heights of 1.0 and 2.4 m. The terrain was very flat and homogenous in all directions with a calculated 90% effective fetch of 1:192 following Gash [1986] . Fetch requirements were met in all directions with the only substantial feature being a pine forest 800 m to the south of the site. The Savanna site was established prior to the experimental period of MCTEX and valid data were collected between days 289 -302 after which the cooled mirror hygrometer (Dew-10) in the Bowen ratio system malfunctioned and no further flux data were collected. The valid data presented here were thus representative of the pre-transition dry season climate.
Tidal Site (Apsley Strait)
[13] The surface energy balance of the shallow inshore waters was characterized near Bathurst Island Mission on an experimental tidal power generation platform in the southern mouth of Apsley Strait (11°45 0 11 00 S, 130°38 0 52 00 E). Apsley Strait separates Bathurst and Melville Islands and was once a long narrow river valley that was submerged by rising sea levels after the most recent ice age. The flow direction in the Strait alternates with high and low tide. The Strait is relatively shallow (up to 16 m) and shows a much larger diurnal temperature variation (3 K) compared to the open ocean (<1 K). The aerodynamic method was used to allow a comparison of island surface and oceanic fluxes between days 324-342. [14] Data were collected throughout the MCTEX program, which ran from the 6th November (day 317) to the 13th December (day 345). Our surface energy exchange measurements were virtually continuous except for some missing data from equipment failure and transient data loss caused by lightning strikes. It should be stressed that in interpreting data between sites that the data sets are not always contiguous, especially for the Grassland site at Roller Plains where measurements were made only early in the season, prior to the MCTEX IOP dates.
Methods
[15] For any given site the energy balance may be described as:
where R n is the net radiation, LE is the latent heat flux, H is the sensible heat flux, G is the ground heat flux, P is the photosynthetic flux and S is the heat storage in the air and biomass. Measurements of the surface energy balance were made at all sites except Apsley Strait using the Bowen ratio technique. First described by Bowen [1926] , the technique uses the Bowen ratio (b) to partition the available energy (R n -G-S) into latent and sensible heat fluxes. The Bowen ratio is defined as the ratio of sensible heat flux to latent heat flux and may be determined experimentally by measuring the gradients of vapor pressure and temperature at two heights above the surface:
where P is the atmospheric pressure (kPa), C p is the specific heat of air (kJ.kg
), e is the ratio of the molecular weight of water to the molecular weight of air, ÁT is the vertical air temperature gradient (K) and Áe is the vertical vapor pressure gradient (kPa).
[16] A commercially available Bowen ratio system (Campbell Scientific Inc.) was used to measure the temperature and vapor pressure gradients made between two fixed heights. Temperature was measured using aspirated chromel-constantan thermocouples (resolution 0.006 K) (model APSTC, Campbell Scientific Inc.). Vapor pressure was calculated from dew point temperature measurements using a cooled mirror dew point hygrometer (resolution of 0.05 K) (Model Dew-10, Middle-Eastern). Ancillary energy balance measurements, including net radiation and ground heat flux, were also made. The instruments performed very well over the measurement period and were not affected by rainfall from the Hectors. Unlike eddy covariance systems that may not collect valid data during rainfall events [Baldocchi et al., 1988 ] the Bowen ratio system does not have any individual sensor that is directly affected by rain. Rainfall may serve to reduce the gradients of temperature and moisture at the surface that are measured by the Bowen ratio system. Hence the influence of rainfall on the fluxes can be measured using the system.
[17] Net radiation was measured using a net radiometer (model Q*7.1, REBS) to which a dynamic wind correction was applied to account for conductive cooling of the radiometer domes. The full radiation balance was measured only at Maxwell's Creek, where both direct incoming and outgoing shortwave radiation was measured using a pair of pyranometers (model EP07, Middleton Instruments). Diffuse shortwave radiation was also measured using a pyranometer (model EP07, Middleton Instruments) and shade ring. Incoming and outgoing longwave radiation was measured using two pyrgeometers (model PIR, Epply Instruments). Radiation sensors were calibrated within the previous 12 months and a post experiment comparison of all the radiation sensors was conducted at Garden Point in conjunction with the Atmospheric Radiation Measurement (ARM) Program group (USA) [Parsons and Dudhia, 1997] , which showed excellent agreement.
[18] Substrate heat flux was measured using the combination method [Fuchs and Tanner, 1968] . The heat flux at 8 cm was measured using two heat flux plates (model HFT3, REBS). Storage above the heat flux plates was accounted for by estimating the heat capacity of the soil (C s ) and measuring the change in temperature of the soil layer above the heat flux plates over a twenty minute period [Oke, 1987] .
[19] The storage term (S) in the energy balance was only accounted for at the Forest site. The energy stored in the canopy air (S A ) was calculated using the heat capacity for the canopy air and monitoring the temperature and relative humidity changes of the canopy air over time [McNeil and Shuttleworth, 1975] . In this study the energy stored in the biomass and used in photosynthesis were neglected.
[20] The aerodynamic technique was used at the Tidal site due to the difficulties in measuring substrate heat flux in the moving water and because of the harsh field conditions encountered there. Three measurement levels were used (1.5, 2.5 and 3.8 m above water level) and a linear regression model used to determine the slope of the gradients of temperature, relative humidity and wind speed versus log height [Thom et al., 1975] . Wind direction was measured at 4.0 m. Wind speed was measured using sensitive cup anemometers (Met One). Temperatures and relative humidities were measured using an integrated sensor (model 207, Campbell Scientific Inc.) and a 9-plate Gill radiation shield. All temperature sensors were checked for interchangeability, and agreed to within ±0.25 K. A profile of water temperature was measured at three depths (surface, 20 cm and 40 cm) using submersible temperature probes (model 107, Campbell Scientific Inc.).
[21] The following set of aerodynamic flux equations were used for flux calculation and account for atmospheric turbulence using stability factors [Oke, 1987] ;
where k is the von Karmon constant, g is the psychrometric constant (P.C p /L v .e), r a is the air density (kg.m
À3
), e is the vapor pressure (kPa), u is the horizontal wind speed (m.s À1 ), T is the air temperature (K), z is the measurement AAC height (m), d is the zero plane displacement (m), È M is the dimensionless stability function to account for curvature of the logarithmic wind profile due to buoyancy effects and È H and È V are dimensionless stability functions for heat and water vapor [Oke, 1987] .
Results

Radiation Budget Components
[22] The receipt of solar radiation is the driving force behind the inputs of heat and moisture into the atmosphere and is therefore important in the development of island scale sea breezes and subsequent Hector generation. The full radiation balance was measured only at the Savanna site where data represent diurnal averages over days 322 to 341. The mean diurnal peak in incoming solar radiation was 780 W.m À2 at 11 -12:00 ( Figure 2 ). The mean daily total of shortwave radiation was 18.0 and À3.4 MJ.m
À2
.day À1 for incoming and outgoing radiation, respectively, and the mean longwave components were 38.06 and À42.13 MJ.m
.day À1 for incoming and outgoing radiation, respectively (Figure 3) . Finally, the diffuse component was 6.3 MJ.m
.day À1 (Figure 3 ). The mean daytime (R n > 0) surface albedo for the Savanna site was 0.19 which agrees closely with albedos observed over a similar savanna site at Cape York Peninsula during a monsoon break period (0.21) [Barta, 1993] .
[23] The amount of net radiation received at the Earth's surface is important in Hector development through the input of heat and moisture from surface energy exchanges. The net radiation was modulated by cloudiness, produced either by local convective thunderstorm clouds or regional oceanic convection. Increased cloudiness reduced incoming radiation and the supply of heat and moisture for Hector development was subsequently diminished. The inherent daily variability in cloudiness at the mesoscale was the primary source of differences in daily totals of radiation components (Figure 3) . Most of the day-to-day variation in net radiation was due to variation in the incoming short wave radiation. Mesoscale cloudiness affected the magnitude of radiative fluxes and was produced not only by Hector development but also by regional oceanic cloud build up caused by regional disturbance and was tied to the active monsoon trough to the north of the Tiwi Islands. For instance, days 322, 326, 333, 338 and 340 were all affected by monsoonal cloudiness of oceanic origin. This oceanic monsoonal cloud was often already developed in the early morning, thereby reducing the overall mean daily fluxes (Figure 3 ). Under these conditions, the early reduction in incoming radiation caused weaker thermal contrasts between the land and sea resulting in a weaker sea breeze. In combination, heat and moisture fluxes were reduced that resulted in a reduced Hector. Even on days with substantial oceanic cloud the midday maximum R n was often greater than 450 W.m À2 and reflects a considerable amount of energy available for thunderstorms, even on highly overcast days.
[24] On a diurnal basis, reductions in incoming shortwave radiation occurred in the mid morning ($09:30) at the Savanna site due to an increase in cloudiness associated with the generation of a local scale sea breeze circulation and associated shallow cumulus cloud (Figure 2) . A local circulation across the Savanna site and Apsley Strait region was also documented by Carbone et al. [2000] . Winds at this time (09:00 -12:00) were predominately from the direction of the Strait and could have developed from a large land/water contrast in heating during the early morning. Shortwave radiation was reduced again later in the afternoon (13:30) due to a build up of cumulus congestus cloud generated during the developing and mature stages of the Hector (Figure 2 ). The cloud build up and subsequent reduction in radiation were commensurate with a maximum island scale convergence of 0.27 Â 10 À3 sec À1 at this time [Oliphant, 1996] . Convergence during ITEX was also consistent in timing (13:30) but not in magnitude (0.06 Â 10 À3 sec À1 ) [Skinner and Tapper, 1994] . The difference may be due to the limited number and different locations of weather stations during ITEX compared to MCTEX. During the mature/decaying phase of Hector development an extensive thunderstorm anvil was produced ($15:30) . Following the beginning of the mature thunderstorm stage, the inputs of heat and moisture from the surface ceased to be as important and the thunderstorm continued to develop from the existing boundary layer. At this stage, the thunderstorm fed back to affect the surface energy exchanges. The thunderstorm cloud decreased incoming solar radiation and hence reduced heat and moisture inputs to the boundary layer. The reduction in terrestrial heating would also have helped to terminate the sea breeze.
Surface Energy Balance Components 4.2.1. Net Radiation
[25] Net radiation was measured at all sites and showed midday values of around 600 W.m À2 (Figures 4a -4d ) with an average daily total across the terrestrial sites of 11.8 MJ.m
À2
.day À1 (Table 1) , consistent with other break season monsoonal savanna environments such as recorded during AMEX (10.13) [Tapper, 1988] , ITEX (9.259) [Skinner and Tapper, 1994] and over Cape York Peninsula (10.85) [Barta, 1993] . At the Tidal site a large amount of energy was transmitted through the water's surface and hence the substrate heat flux formed the major component of the energy balance. Little radiation was reflected from the water's surface, which resulted in a small average albedo and a slightly larger net radiation term than the terrestrial sites, on average in excess of 640 W.m À2 at midday (Figure 4a ). The Savanna site had a sparse stony surface that absorbed the highest amount of radiation (12.26 MJ.m À2 .day À1 ) ( Table 1 ) of all the terrestrial sites. This was especially evident when the surface was moist and dark and the albedo very low, contributing to a higher net radiation term. In addition, the higher R n at the Savanna may be due to a persistence of clear sky conditions in the morning toward the center of the island compared to the cloudier coast. The Forest site most likely possessed an intermediate albedo due to the increased trapping of radiation by the canopy [Oke, 1987] and as a result had an intermediate daily total R n of 11.95 MJ.m
.day
À1
( Table 1 ). The Grassland site had the lowest daily R n of 11.27 MJ.m
À2
.day À1 (Table 1 ). There was a reoccurring reduction in net radiation around 10:00 -11:00 at most sites that was likely to have been caused by the development of cloud associated with the sea breeze front. This reduction occurred half an hour later than at the Forest site, located 40 km to the southeast. Afternoon cloudiness also interrupted the typical diurnal trend of net radiation compared with what would have been expected under clear sky conditions. For example, at the Tidal site there was a dip in net radiation and substrate heat flux at 12:40 that corresponded with thunderstorm development and associated cloudiness (Figure 4a ).
Substrate Heat Flux
[26] The daily total substrate heat flux varied across the terrestrial sites according to surface characteristics such as vegetation cover and surface albedo, soil water content and soil type. The substrate heat flux at all terrestrial sites increased steadily over the measurement period, presumably in response to elevated soil water content from increased precipitation as the monsoonal rains developed. An increase in soil water content would subsequently increase the heat capacity and thermal conductivity of the soil and hence produce a greater substrate heat flux for the same solar input. On a daily basis the substrate heat flux was highest at the Tidal site and was the primary sink of energy (4.21 MJ.m
À2
.day À1 ) due to the high absorption of radiation into the water (very low albedo with the sun overhead) and the high heat capacity and thermal conductivity of the water. This accounted for up to 80% of net radiation on an hourly basis (Figure 4a) . This compared to substrate heat fluxes over the terrestrial sites of 0.11, 0.14 and 0.24 MJ.m
À1
for the Savanna, Grassland and Forest sites, respectively (Table 1) . Although the daily total at the Forest site was higher than the other terrestrial sites it was observed that during the daytime (R n > 0) substrate heat fluxes were only 15% of R n due to shading effects of the forest canopy compared to 30% of R n for the Savanna and Grassland sites. It is thought that nocturnal net longwave losses from the ground were smaller at Forest site due to the canopy cover, which decreases the ground heat flux loss at night, resulting in a larger daily total. In addition, the Forest site lagged behind the less vegetated sites in the diurnal trend of substrate heat flux (Figure 4b ) due to early morning shading by the overhead canopy. Energy stored in the soil during the day is released at night and drives small latent heat fluxes especially at the Savanna and Grassland sites (Figures 4c and  4d ). This nocturnal latent heat release may contribute moisture into the nocturnal boundary layer and be utilized for the next day's Hector.
[27] The magnitude of the substrate flux was also modified by precipitation and gust front outflows. For the land based sites the influence of atmospheric conditions such as the sea breeze, cumulus build up and gust front outflows on substrate heat flux were less obvious than for net radiation. This was essentially because the high thermal inertia of the soil tended to smooth out hourly variations. However, cold outflows and precipitation events caused the air above the surface to cool and hence energy to be released from the substrate (negative G) as seen in Figures 4a -4c . In addition, heavy precipitation during the mature thunderstorm (13:30 -15:00) delivered cool rain to the soil that caused a large drop in soil temperatures (partly through the cool temperature of the rain but also because of the high heat capacity of water and the ability to absorb large amounts of energy). This resulted in decreased available energy (R n -G) and hence reduced the energy available for partitioning into H and LE. This illustrates part of the influence Hectors had on the surface energy exchanges and its components. These influences were materialised through changes in surface layer characteristics.
Latent and Sensible Heat Fluxes
[28] The available energy was calculated as R n À G and represents the energy available for partitioning into the turbulent fluxes (Table 1) were controlled by surface layer characteristics such as soil and vegetation type. The turbulent fluxes (LE and H) followed a similar trend to R n as they are both driven by solar input. An unlimited supply of available moisture at the Tidal site allowed latent heat fluxes to dominate with a Bowen ratio of 0.4. Prior to MCTEX it was hypothesized that the warm and shallow Apsley Strait may be a source of moisture for thunderstorm development [Keenan et al., 1989] . However, our measurements show that although the Tidal site had a low Bowen ratio, the absolute magnitude of LE was small (daily total of LE of 6.23 MJ.m
À2
À1
) in comparison to the terrestrial sites because the available energy term was also small. Hence, the supply of moisture from the Strait to the thunderstorm is not likely to be significant.
[29] The water temperature profile at the Tidal site showed surface water temperatures that reached a maximum of 31.5°C (304.7 K) at 11:00 when solar heating was greatest. Water temperatures below the surface reached their maximum 6-hours later at 17:00. This allowed a transfer of heat out of this layer at night that enhanced the nocturnal flux of latent heat and could be important in priming the boundary layer for the next day's storm. In the latter stages of the mature thunderstorm the decaying system produced cold air outflows in the form of gust fronts that generally flowed from the northeast [Carbone et al., 2000] . By 15:00 the cool outflows transferred cold air over the water's surface at the Tidal site and resulted in a reversal of substrate heat flux (Figure 4a ), which became negative for around an hour. The cold air above the surface also established a large temperature and moisture gradient between the water and air that increased latent heating to 350 W.m À2 (Figure 4a ). This was a moderate increase in moisture input into the boundary layer but its impact is unlikely to be significant due to the brevity of input and the small areal extent of Apsley Strait.
[30] The Savanna site had poor water drainage and a greater soil moisture availability that produced latent heat as (Figure 4c ). At the Forest site LE was also the dominant sink of energy (Figure 4b ) but the absolute magnitude was slightly lower because the coupling with the soil was reduced and the vegetated canopy controlled transpiration. The total daily evapotranspiration from the site was 7.09 MJ.m
À2
À1
( Table 1 ). The diurnal course of fluxes at the Forest site showed less variation than other sites because the plant canopy buffered the influence of rainfall and surface/soil moisture availability.
[31] The limited data set from the Grassland site prior to the MCTEX observational period represented drier pretransition conditions that produced a much lower LE of 5.35 MJ.m
À2
.day À1 (Table 1) . During this time soil moisture availability was low. At the Grassland site LE was dominant during the early morning period from sunrise to 08:00 where moisture that had settled on or close to the surface was quickly evaporated (Figure 4d ). Sensible heat flux became dominant after the supply of available moisture was exhausted. The sensible heat fluxes were greater at the Grassland site than at other sites with a total daily flux of 5.78 MJ.m À2 .day
À1
. The average daily water depth equivalent lost through evapotranspiration was 2.9 mm at the Forest site, 2.2 mm at the Grassland site, 2.5 mm at the Tidal site and 3.3mm at the Savanna site.
[32] Sensible heat flux totals were 5.78, 4.62, 4.05, and 2.48 MJ.m À2 .day À1 from the Grassland, Forest, Savanna and Tidal sites, respectively (Table 1) . These figures are much greater than those recorded during ITEX [Skinner and Tapper, 1994] due to methodological differences. During ITEX, H was calculated as a residual of the energy balance equation where LE was the potential evaporation from the Penman-Monteith equation [Thom et al., 1975] . The magnitudes of sensible heat flux measured in this study are more likely to produce land/sea contrasts that favor the development of a sea breeze. If fluxes from the Tidal site were representative of inshore oceanic waters then the heating contrast between the Savanna site and the ocean between 09:00 and 15:00 would average around 250 W.m
À2
. Such a contrast is important is establishing the sea breeze.
Bowen Ratio
[33] The value of the Bowen ratio reflects the partitioning of available energy into H and LE. The Grassland site possessed the highest Bowen ratio with a daytime average of 1.08 (Table 1) suggesting a drier climate than other sites, not surprisingly, since data from this site were collected prior to the monsoon transition. All other sites maintained Bowen ratios of less than one with evaporative processes being dominant throughout the experimental period. The Forest Bowen ratio was relatively consistent compared with other sites as a result of canopy control over transpiration and the reduced coupling of the soil and canopy to atmospheric conditions in comparison to the more open sites ( Figure 5 ). Most sites showed a high early morning Bowen ratio ( Figure 5) as also found by Lindroth [1985] over Douglas Fir. This essentially occurs because H increases more rapidly than LE due to the much smaller heat capacity for air for than water. Therefore for a given energy input the sensible heat flux will be greater [Lindroth, 1985] .
[34] The Bowen ratio showed little influence from mesoscale circulations and convection ( Figure 5 ). The reduction in LE and H due to sea breeze frontal cloud, cumulus development and gust front outflows were caused primarily by reductions in net radiation and did not affect the fundamental way in which fluxes were partitioned. This suggests that the magnitudes of fluxes were determined by the available energy and that cloudiness influenced the magnitude of fluxes directly. This primarily occurred on days with high local or regional cloudiness where R n decreased and subsequently reduced turbulent fluxes. Longer-term data (days 290-342) from the Savanna site (data not shown) showed a decrease in the Bowen ratio from around 4 prior to the transition period to 0.2 by the end of MCTEX. This suggested a definite moistening of the island landscape and showed that . R n is net radiation, H is sensible heat flux, LE is latent heat flux, G is substrate heat flux, B is the Bowen ratio, and EF is the evaporative fraction (LE/R n ).
References: 1, this study; 2, Barta [1993] heathland Cape York Peninsula, 3, Pinker et al. [1980] tropical evergreen forest, Thailand; 4, Tapper [1988] natural savanna grassland, northern Cape York Peninsula, January; 5, Kowal and Kassam [1973] non-irrigated Maize crop, Nigeria; 6, Skinner and Tapper [1994] bare soil and spare native grass, Tiwi Islands, November and December; and 7, Viswanadham and Ramanadham [1970] non-irrigated short grass, India.
the Bowen ratio at the Savanna site was influenced by surface characteristics such as soil moisture and albedo. After the onset of the transition season and associated Hector precipitation (around day 305), the Savanna site showed a distinct increase in the relative evapotranspiration. This was due to the increased moisture availability from Hector precipitation. During this time Bowen ratios generally approached 0.2, indicating a large fraction of available energy was being partitioned into latent heat.
Evaporative Fraction
[35] The evaporative fraction, defined as LE/R n , indicates the fraction of net radiation that is partitioned into evapotranspiration. This value varied from site to site with the Savanna site having the highest evaporative fraction of 0.66 (Table 1) , which is comparable to other evaporative fractions for [Kim and Verma, 1990] . The Forest site had a slightly lower evaporative fraction of 0.59, which was comparable to mixed forest (0.68) [McCaughey, 1985] , pine forest in Sweden during August (0.6) [Lindroth, 1985] and spruce forest (0.71) [Tajchman, 1972] . The Grassland site was the driest and had the lowest evaporative fraction of 0.47. The Tidal site had a low evaporative fraction of 0.48 that resulted from a large proportion of net radiation being consumed in heat storage in the water, thereby reducing the amount of net radiation available for evaporation. A comparison of evaporative fractions from other studies shows that our data are comparable to wet periods in other monsoonal energy balance studies (Table 1) .
Interactions With Thunderstorms
[36] Exchanges of sensible and latent heat fluxes were central in the development of the boundary layer over the island. In the generation of the daytime boundary layer the surface energy balance plays a key role in the production of buoyant air. The surface sensible heat flux is considered a prime forcing mechanism of the planetary boundary layer thermal characteristics and hence buoyant development [Ookouchi et al., 1984] . We investigated the effect of sensible heat fluxes on boundary layer height (taken as the lifting condensation level (LCL)). The LCL was calculated using the 14:00 atmospheric soundings from the Savanna site (Maxwell's Creek) and sensible heat input was calculated as the cumulative sensible heat fluxes from sunrise to that time. Greater sensible heat fluxes were correlated with greater LCL (r = 0.4178, p < 0.05, n = 51), but total convective fluxes (H + LE) were better correlated with LCL (r = 0.735, p < 0.001, n = 51) ( Figure  6a ). Warm surface temperatures and the input of heat and moisture from the surface were effective in raising the equivalent potential temperature and height of the boundary layer. Under moderate heating, little dynamical forcing of updraughts at cloud base was required by mid-afternoon to initiate Hector [Keenan et al., 1994] .
[37] Sensible heating was also responsible for the development of the island scale sea breeze through heating contrasts between the ocean and land (approximately 250 W.m À2 at midday). The development of the sea breeze was vital in initiating Hector. In the most common mode for Hector development, the sea breeze, generated through surface heating, interacted with cold pools formed by shallow convection at the sea breeze front [Carbone et al., 2000] , hence providing the dynamical forcing necessary for Hector initiation. Cold pools of air develop at the surface from the downdrafts of cooler and denser air from convective cells. These pools of cold are thought to play a significant role in island scale thunderstorm initiation through their interaction with the sea breeze front [Carbone et al., 2000; Keenan et al., 2000] . Sensible heat fluxes recorded in this study were much greater than that recorded during ITEX. Magnitudes of sensible heat flux measured during MCTEX are likely to produce land/sea contrasts that better favour the development of the sea breeze and a strong sea breeze front, which is important in initiating Hector. Sensible heat fluxes were influenced by variability in net radiation produced by sea breeze cloud, cumulus cloud, anvil production and thunderstorm outflows.
[38] The timing of initial convection also depended upon the sensible heating. The greater the heating is, the earlier is the onset of convection. Higher Bowen ratios resulted in greater partitioning of available energy into sensible heat fluxes and we found that the Bowen ratio was very well correlated with Hector onset time (Figure 6b ) (r = À0.771, p < 0.05, n = 8) even though our number of data points was small. When the Bowen ratio was high, the majority of energy was partitioned into sensible heat and cumulus convection developed earlier. This was probably as a result of greater sensible heating that produced increased land-sea temperature contrasts and in turn resulted in an earlier and stronger sea breeze. In fact, the strength of the island scale convergence was significantly correlated with the cumulative net radiation prior to 13:00 (r = 0.710, p < 0.05, n = 11). The earlier sea breeze development resulted in earlier shallow cumulus development and eventually an earlier triggering of Hector. Additionally, the dominance of sensible heat fluxes produced more buoyancy than the equivalent amount of latent heat. The increased buoyancy led to increased boundary layer growth and instability that was essential for thunderstorm development.
[39] The input of moisture to the planetary boundary layer through surface energy exchanges was important in the early stages of thunderstorm development to support mature convective activity. Moisture supplies from the island surfaces represented significant atmospheric inputs that had implications for convective activity on the Tiwi Islands. The input of boundary layer moisture prior to Hector initiation a b Figure 6 . Relationships between the surface energy balance and boundary layer and Hector development: (a) The relationship between pressure at lifting condensation level (LCL) (lower pressure equivalent to deeper boundary layer) and cumulative turbulent fluxes (H + LE). (b) The mean hourly Bowen ratio between 00:00 and 14:00 and the effect on cumulus convective onset at the Savanna site (Maxwell's Creek).
(defined as 07:00 -12:00) was on average 165 and 265 W.m À2 for the Forest and Savanna sites, respectively. Simpson et al. [1993] suggested that the establishment of thunderstorms over the Tiwi Islands would require $450 W.m À2 averaged over 3-5 hours. Our results suggest that these levels of moisture fluxes are not achieved from the terrestrial surface and that moisture advection from the sea breeze may be very important. In contrast to the importance of moisture inputs during the early stages of boundary layer development, once Hector reached the mature stage the influence of the surface energy exchanges on further Hector development was limited. In a boundary layer that already had sufficient moisture to support convective rainfall, local resupply of water vapour by surface evaporation and leaf transpiration during the mature thunderstorm was relatively unimportant. This was because the initial sea breeze front interactions and uplift generated self-contained thermals that then initiated the island thunderstorms. Moisture for thunderstorms came predominantly from the original bubbles of boundary layer air and inputs later in the thunderstorm lifecycle had little influence.
[40] During the mature thunderstorm stage, the thunderstorms influenced the surface energy balance through gust front outflows that cooled and moistened the surface and altered turbulent fluxes. Thunderstorm outflows over the Tiwi Islands resulted in a dramatic rise in relative humidity (up to a 45% increase), a fall in temperature (up to 7 K) and a change in wind speed and direction at the surface. The nature of outflows from the Hectors was important as these displaced the onshore sea breeze flow, cooled the sub-cloud layer and destroyed temperature and vapour pressure gradients at the surface. The destruction of these gradients reduced the vertical fluxes of heat and moisture that had earlier developed the boundary layer. This also caused a reduced thermal contrast between the land and sea that then contributed to the termination of the sea breeze circulation. The development of the thunderstorm anvil further reduced net solar radiation and the supply of heat and moisture to the boundary layer. The lifetime of the convection was governed by the dissipation of the potential energy input to the boundary layer from surface fluxes prior to convective initiation. Subsequent inputs from the surface were relatively unimportant for further thunderstorm development but the thunderstorm then became important in altering the surface fluxes through cloudiness and gust front outflows.
Conclusions
[41] The large diurnal island thunderstorms that occur over the Tiwi Islands are typical of convective activity within the maritime continent and are locally known as Hectors. The surface energy exchanges are important in the initial development of the thunderstorm system. We measured surface energy exchanges over the dominant landscape types found across the island. During this monsoon transition period the sites showed similar partitioning of available energy with the dominant sink being into latent heat, illustrated by Bowen ratios predominately less than one.
[42] Inputs of sensible heat from the surface were important in the production of buoyant boundary layer air that increased boundary layer growth and instability that was essential for thunderstorm development. By midday the boundary layer was capable of supportive convective activity and a relatively small trigger was required to initiate Hector. This trigger often came as the result of interactions between the island scale sea breeze and cold pools developed from shallow cumulus convection. The sea breeze was developed from differences in sensible heating rates between the land and ocean that resulted in a thermal contrast with the surrounding ocean to produced a regular sea breeze circulation. The boundary layer depth and timing were both significantly correlated with sensible heat flux inputs.
[43] Moisture fluxes provided some atmospheric buoyancy for thunderstorm initiation and latent energy for Hector growth during the mature phase. A release of substrate energy at night drove moisture fluxes that helped prime the boundary layer for the next day's Hector. Daytime latent heat fluxes from the terrestrial surface prior to Hector initiation were around half that calculated to be sufficient to sustain Hector. It is thought that advection of oceanic moisture with the sea breeze provides the additional moisture for Hector development.
[44] In contrast to the importance of moisture inputs during the early stages of boundary layer development, once Hector reached the mature stage the influence of the surface energy exchanges on further Hector development was limited. Following the mature phase, thunderstorm gust fronts and outflows served to cool, moisten and mix the island boundary layer, thereby reducing surface temperature and moisture gradients. In combination, the thunderstorm anvil reduced net radiation and the surface energy exchanges were also reduced. The Tiwi Islands represents a dynamical system where surface energy exchanges are important in developing the boundary layer that sustains Hector but that Hector in turn influences the surface energy exchanges.
